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Phase Equilibria in the System MgO-TiOs 

L. W. Coughanour and V. A. DeProsse 

The phase relations in the system AIgO-Ti02 were studied by means of sohd-phasc^ 
reactions between the components and by observing the fusion characteristics of s])eciinens 
within the system. The existence of three binary compounds in the system was confirmed. 
From the data obtained, an equilibrium diagram for the system is suggested. 



1. Introduction 

A study of phase-equilibrium relationships in the 
system MgO-Zr02-Ti02 has been initiated in con- 
nection with a fundamental study of ceramic 
dielectrics.^ A survey of the literature pertinent to 
the problem revealed several discrepancies in the 
published data on the subordinate binary systems. 
It was, therefore, considered essential that a prelim- 
inary study of the binary systems be ma(h\ 

An equilibrium diagram for the Mg()-'ri()2 system 
was first published in 1932 by von Wart en berg and 
Prophet [1].2 Two compounds, 2Mg()-Ti02 and 
MgO-2Ti02, were postulated. The subsequent work 
of other investigators [2] shovvcul, however, that 
there are three binary com|)()un(Is in the system. 
They are the two listed by von Warten])erg plus 
MgO-Ti02. This compound occurs in nattu'c as the 
mineral geikielitc. 

The existence of three compoimds in the systc^m 
was confirmed in the present work by means of solid- 
phase reactions between the components MgO and 
Ti02. These reactions took place at various temper- 
atures between 1,200° and 1,550° C. The complete- 
ness of reaction and compound formation was 
ol)served petrographically and by means of X-ray 
diffraction patterns of the fired samples. 

The determination of the fusion point of each of 
the three compounds and of the solidus and liquichis 
temperatures at various points across the system 
supplied data from which a revised equilibrium 
diagram was constructed. 

2. Sample Preparation and Test Methods 

The following materials were used as components 
in the preparation of samples for this study. 

MgO — Water-clear crystals of Norton Co. artificial 
periclase of nominal pmity over 99 percent were 
sehnded. The crystals were ground with a mullite 
mortal' and pestle to pass a 325 mesh screen. A 
spectrogram of the ground material showed only 
weak hues for the principal impm^ities, Al, Si, and Ti. 

Ti02^ — Highly purified titania of nominal purity 
over 99.9 percent was used. This material was 
secured from the Titanium Division of the National 
Lead Co. A spectrogram hidicated that the prin- 
cipal impurities, Si, Cu, and Al, were present in 
amounts less than 0.01 percent. 

Calculations of weight composition were made to 

1 This fiiiulamental study is sponsored by the Department of the Army, Office 
of OrdiiaiU'c Research. 

2 Figures in brackets indicate literature references at the end of this paper. 



±0.01 percent, no correction being made foi- (lie 
percentage of purity of the compon.ents. 

The components in sufficient amounts to makea 
10 g sample were weighed to the nearest milligram 
and mixed in the dry condition by shaking in a large 
container. They were then mixed with approxi- 
matel}^ 5 percent by weight of a 5-percei).t soluble- 
starch solution, binder, an.d 1-in. diametcM- disks were 
formed in a hardened st(H4 mold at a ])r(»ssure of 5,000 
Ih/iur. The pressed disks wore calcined for 4 to 16 
hr at 1,200° C. During heating the disks rested on 
platinum foil. Oxidizing conditions were maintained 
by the use of plathxum-wound or Globar resistor air- 
atmosphere furnaces. After cooling, the disks were 
pulverized using a mullite mortar an.d j^estle, the 
powdered matei'ial was remixed with stai'ch solution 
binder-, and repressed at 5,000 Ih/in.-. Tlu* re])i'essed 
disks were then refircMi f()j'4 to 5 hr at 1 ,:]50° C, again 
under oxidizing conditions. Petrogi'aphic examina- 
tion, supplemented by X-ray analysis, showed that 
solid-phase reactions between the components were 
essentially complete after these two heat treatments. 

Following the second calcination the disks were 
reground, rcMuixed with bhider, and disks about ji in. 
high were formed at 15,000 lb/in. ^' in a }2-i»i. -diameter 
mold. From these disks the actual fusion test speci- 
mens were ground in the form of small four-sided 
pyramids, grooved on. each side [:]]. Tlu* fusion tests 
and softening-rang(^ tests were carried out in a thoria • 
resistor furnace [4]. The specimens were placed in 
the furnace on a disk of a platinum-rhodium alloy. 
The metal disk was, in turn, on a support of 1'h()2 or 
BeO. The heating rate during tlu^ tests was about 
3 deg C/min until the solidus temperature was ap- 
proached, when it was reduced to about 2 dog C/min. 
Oxidizing conditions were maintained by slight con- 
vection currents of air through the furiuice. ^Fhe 
temperature anxl the fusion characteristics of the 
specimens were observed with an optical pyrometer 
calibrated at the National Bureau of Standards. 
The melting point of pure platinum wire was observed 
as a spot check on the pyrometer calibration.. Agree- 
ment within 2 deg C of the accepted value of 1,769° C 
on the 1948 International Temperature Scale was 
obtained. 

In the determination of the solidus and liquidus 
temperatures of the test specimens, the first sign of 
liquid formation, rounding of the corners of the test 
pyramid, was recorded as the solidus temperature. 
The temperature of complete fusion, as observed 
through the optical pyrometer, was considered to be 
the liquidus temperature. 
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In such determinations, there are several possible 
sources of error. These include the slight deviation 
from black-body conditions, the introduction of mi- 
nute quantities of impurities in the forming and grind- 
ing of the specimens, the slight reduction of the Ti02 
on heating, and the inherent difficulty in the visual 
observation of fusion characteristics. 

In the oxide-resistor furnaces used for the fusion 
tests, black-body conditions were rather closely ap- 
proached. In order to render the grooved pyramid 
specimen visible in outline, it was necessary to have 
a slightly concave surface on the metal disk on which 
the sample rested during heating. This concave 
metal surface reflected less light to the pyrometer 
than the sample did, giving the disk the appearance 
of being slightly cooler than the specimen. 

Partial reduction of the titanates was observed in 
compositions richer in Ti02 than MgO-TiOo when 
the specimens were quenched or cooled rapidly. It 
is probable, therefore, that at high temperatures and 
during the fusion tests there was some loss of oxy- 
gen from the samples. This loss might be thought 
of as introducing a minute quantity of a third com- 
ponent, or impurity, into the samples. It is be- 
lieved that the error introduced into the fusion-point 
measurements by this reduction is not significant. 
Neither by petrographic nor X-ray methods was it 
possible to detect any evidence of th(^ formation of a 
lower oxide of titania, even in specimens that had 
been quenched and were a dark-gray color. This 
would tend to indicate that the amoiuit of reduc- 
tion is small. Agamawi and White [5] conducted a 
weight-loss test on rutile at various temperatures up 
to 1,550° C. They reached the conclusion that the 
oxygen loss, on heating rutile in air, is practically 
negligible. Likewise, Moore [6] showed that, for 



single crystals of rutile, less than 0.1-percent reduc- 
tion caused a marked color change. 

Probably the largest source of error in the fusion- 
point measurements was in the problem of selecting 
the solidus and liquidus points by visual observa- 
tion. The accuracy would depend upon the viscosity 
of the melts, the composition, and its relation to a 
eutectic point or compound, and the experience and 
judgment of the observer. In this particular system, 
the fusion of compositions richer than 2MgO-Ti02 in 
MgO was difficult to observe due to the high viscosity 
of the melts. 

Considering these various factors, it is believed 
that the recorded temperatures are correct to ±10 
degC. 

After the fused specimens had cooled in the fur- 
nace, they were analyzed with the petrographic 
microscope. Such examination was facilitated by 
the wide difference in the optical properties of the 
various compoimds in the system, and by the fact 
that large well-formed crystals were obtained. The 
optical properties of the compounds may be tabu- 
lated as follows: 



Compound 


Optical 
character 


Approximate indices of 
refraction 


MgO 

2MgO.Ti02 

MgO-TiO, 

Mg0.2Ti02 

TiO. 


Isotropic 

---do 

Uniaxial 

negative. 
Biaxial 

negative. 
Uniaxial 

positive. 


77=1.736 
17=1.959 
6=1.95, co = 2.28 

a = 2.11, i3 = 2.19, 7 = 2.23 

6 = 2.903, co=2.616 



Table 1. Fusion characteristics of compositions in the system MgO-TiO-z 





Compositions 




Effect of heating 
















Results of petrographic examination 
(Specimens examined were not 














Mole 


Weight 






quenched and the phases observed 










Fusion 
started 


Fusion 
completed 


may not be those in equilibrium at 
the liquidus). 










MgO 


Ti02 


MgO 


Ti02 








% 


% 


% 


% 


°C 


°C 




90 


10 


81.95 


18.05 






MgO+2MgO.Ti02. 


80 


20 


66.87 


33. 18 


1,708 


1,741 


Do. 


77 


23 


63.63 


36.37 


1,705 


1,727 


Do. 


75 


25 


60.22 


39.78 


1,708 


1,726 


Do. 


73 


27 


57.24 


42.76 


1,707 


1,728 


Do. 


70 


30 


54.23 


45.77 


1,709 


1,727 


Do. 


66.7 


33.3 


50.24 


49.78 


1,732 


1,732 


2MgO-Ti02+MgO-Ti02(trace) . 


63 


37 


46.37 


53.63 


1,580 


1,726 


2MgO.Ti02+MgO.Ti02. 


60 


40 


43.08 


56.91 


1,587 


1,685 


Do. 


57 


43 


40.23 


59.77 


1,581 


1,600 


Do. 


53 


47 


36.41 


63.59 


1,583 


1,615 


Do. 


50 


50 


33.55 


66. 45 


1,629 


1,631 


MgO.Ti02+Mg0.2Ti02(tracc) . 


47 


53 


31.04 


68.96 


1,589 


1,611 


MgO.Ti024-MgO-2Ti02. 


43 


57 


27.69 


72. 31 


1,591 


1,598 


Do. 


40 


60 


25.17 


74.83 


1,592 


1,619 


Do. 


37 


63 


22.97 


77. 03 


1,594 


1.635 


Do. 


33.3 


66.7 


20.15 


79. 86 


1,652 


1,652 


MgO-2Ti02. 


30 


70 


17.87 


82. 13 


1,608 


1,642 


Mg0.2Ti02+Ti02. 


27 


73 


16. 33 


8:i. 67 


1,605 


1,639 


Do. 


25 


75 


14.39 


85.61 


1,608 


1,628 


Do. 


23 


77 


12.85 


87.15 


1,607 


1,638 


Do. 


20 


80 


11.20 


88.80 


1,608 


1,622 


Do. 


18 


82 


9.72 


90. 2S 


1,607 


1,615 


Do. 


15 


85 


8.22 


91.78 


1.605 


1,612 


Do. 


12 


87 


6.44 


93. 55 


1,609 


1, 635 


Mg0.2Ti02+Ti02. 
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For the biaxial compound MgO-2Ti02, 2V was 
estimated, from interference figures, to be 70° to 
75°. Calculation of 2V from tlie indices of refrac- 
tion gave a value of 68°. 

The results of the fusion tests and of the petro- 
graphic analysis of the nonquenched specimens are 
listed in table 1. 

3. Results and Comparisons With Previous 
Work 

Th(^ e([uihbrium diagram for the system as deter- 
mined by von Wartenberg is shown in figure 1. 
That constructed from the results of the present 
study is shown in figure 2. Comparison of the two 
diagrams shows that, apart from the introduction 
of the third compound, the major difference between 
the two is the lower fusion points obtained in the 
present study. It is Ixdic^vcnl that these temperature 
difl'erences are expLained simply by the greater re- 
finement of the UK^thods us(hI in the study covered 
by this report. 

Other fusion-point (hit a pubhshed on the system 
are extremely limited in extent. The fusion point 
of the compoimd MgO-2Ti02 was determined by 
Sigurdson and Cole [2,e] to be 1,645° C imder oxi- 
dizing conditions. 1liis is in excehent agreement 
with the i)resently (h^termined value of 1,652° C. 
St. Pic^rre [7] (U^tei'mined the fusion point of highlv 
purified TiOo to be 1,840° ±10° C, again under 
oxichzing conditions. This value, also, is in excellent 
agreement with the value 1,839° C observed in the 
present study. 

Biissem, et al. [2, a] conducted an X-ray investiga- 
tion of the system. They did not determine an 
equilibrium diagram, but they did obtain results 
that indicated, to them, the existence of a high- 
temperature solid sohition of MgO in 2MgO-Ti02. 
They selected compositions in the area between 
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Figure 1. MgO-Ti02 system; after von Wartenherg, 
reference [1]. 



MgO and 2MgO-Ti()2 and heated thcni to appi-oxi- 
mately 1,460° C. They tluMi compared the X-ray 
powder patterns of the cooled samples with the 
patterns of mechanical mixtiu'cs of tlu^ sanu* over-all 
compositions, the mechanical mixtures being pre- 
pared from the components MgO and 2MgO-Ti02. 
They noted that the diffraction lines of MgO were 
sharper and clearer for the mixtiu*(^s tlum for the 
heated compositions. This (effect th(\v attributed 
to a high-temperatme soUd solution of MgO in 
2MgO-Ti02 with an unmixing or c^xsohition reaction 
on cooling. The unmixing was thouglit to result in 
extreme subdivision of the MgO grains with the sub- 
sequent lack of sharpness in the MgO diffraction 
lines. 

A similar test was made during th(^ jrresent study 
on the composition 4MgO:Ti02. The results ob- 
tained were negative, there being no significant 
difliVrences in the diffraction patterns of tin* h(^ated 
samph' and of the mechanical mixtun^ 

Several attempts were made in the present study 
to detect solid-solution formation in the system. 
Particular attention was given to the high MgO por- 
tion of the system, in order to verify or disprove 
the existence of the high-temperature solid solution 
of MgO in 2Mg0-Ti02 postulated by Blissem. In one 
method, samph^s high in MgO content (9MgO:Ti02, 
4MgO:Ti02, 3MgO:Ti()o) wliich had been previ- 
ously calcined were used. Portions of the calcines 
were heated for 2 hr at 1,400° C and for K hr at 
1 ,650° C and were cooled slowly. The cooled samples 
were examined petrographically and by means of 
X-rays. The petrographic examination showed that 
the index of refraction of MgO, and of 2Mg()-Ti02, 
had not deviated from its normal value in either 
case. In addition, the MgO grains did not have the 
appearance of having undergone an mmiixing re- 
action. X-ray diffraction patterns showed no sig- 
nificant intensity variations or parameter changes. 
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Figure 2. Proposed diagram for the MgOTi-02 system. 
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In anothei^ attempt to verify any solid-solution 
formation, specimens of the same compositions were 
heated to 1,460° or 1,500° C and the temperature 
was maintained constant for 3 hr. The specimens 
were then quenched in water. Again, petrographic 
examination of the quenched specimens showed no 
change in the index of refraction of either MgO 
or 2MgO-Ti02. The results of these tests indicate 
that there is no solid-solution formation between 
2MgO-Ti02 and MgO. Index of refraction meas- 
urements of these two compounds were accurate to 
about 2 units in the third decimal (±0.002). With 
this degree of accuracy, solid solution formation to 
the extent of 1 percent could have been detected. 

Similar tests at various points on the diagram 
failed to indicate any solid solutions in the system. 
Finally, the fact that the solidus lines obtained are 
horizontal is indicative of the absence of solid-solution 
formation. 

4. Summary and Conclusions 

Twenty-six compositions in the system MgO-Ti02 
were prepared. They were studied from the stand- 
points of solid-phase reactions and fusion behavior. 
The existence of three binary compounds in the 
system was confirmed. They are 2MgO-Ti02, 
MgO-Ti02, and MgO-2Ti02. Their melting points 
were determined to be 1,732°, 1,630°, and 1,652° C, 
respectively. Four eutectic points were located as 
follows: 21-mole percent of TiOs, and 1,707° C; 
44-mole percent of Ti02, and 1,583° C; 56-mole 
percent of Ti02 and 1,592° C; and 86-mole percent 
of Ti02 and 1,606° C. No evidence of solid-solution 



formation was obtained. From these data, an 
equilibrium diagram for the system is suggested. 



This work was sponsored by the Office of Ordnance 
Kesearch, Department of the Army. 

All X-ray analyses for the project were performed 
by R. S. Roth. 
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